1. Introduction {#sec1}
===============

The World Health Organization (WHO) reported that approximately 72 million people had already been infected with the Human Immunodeficiency Virus (HIV) worldwide in 2017 ([@bib43]). Of these records, the sub-Saharan Africa was the most heavily affected region, accounting for over 69% of all infected cases. The Joint United Nations (UNAIDS report) (2018) states that although there is a steady decline in Acquired Immune Deficiency Syndrome (AIDS) related illnesses over the past decade; however, the global rate of new HIV infections is not falling fast enough to reach the milestones set in place by 2020 ([@bib43]).

Of the enzymes involved in the replication cycle of HIV in human immune cells, the HIV protease enzyme is one of the most significant enzymes required to produce mature and infectious HIV virions. This has allowed the enzyme to be the utmost protuberant focus for anti-HIV inhibitors ([@bib38]). The protease enzyme is a C2-symmetric active homodimer, consisting of a non-covalently connected dimer of 99 amino acid residues each to form an active homodimer. The two monomeric chains assemble to form an enclosed tunnel covered by two flaps that characteristically "open and close" upon substrate binding ([@bib25]). The effective activity of HIV protease in the viral cycle is crucial for the maturation of infectious HIV virions ([@bib7]). Therefore, there is no doubt that inhibition or inactivation of the enzyme will result to the production of less viable and noninfectious virions and will eventually lead to a reduction in the spread of the infection to vulnerable hosts or cells.

Viral replication by HIV is inhibited by protease inhibitor drugs (PIs) by binding to the HIV proteases and subsequently obstructing the proteolytic cleavage of the protein precursors which are important for making of mature HIV virions ([@bib42]). PIs are designed to look like the natural substrates of the viral protease. They prevent the HIV-1 protease from cleaving the precursor proteins by precisely binding the active site of the virus protease, which eventually results in the development of immature non-infectious viral particles ([@bib13]). In South Africa, the current Adult antiretroviral therapy guidelines in use recommend four FDA-approved PIs, atazanavir, darunavir, lopinavir and saquinavir, with ritonavir being used as boosters with the drugs ([@bib10]).

The use of traditional herbal medicine is gaining more popularity in the treatment of diseases such as HIV in many countries, ([@bib43]) despite the possibility of Herbal-drug interactions and toxicity that could occur as a result of co-administration of Herbs and antiretroviral drugs (ARVs). Nonetheless, there have been significant increases in the usage of herbal medicine not only in developing countries but also in developed countries, which has caused great public health concern among scientists and physicians who are sometimes not sure about the safety of herbal preparations especially when used concurrently with regular orthodox medications such as ARV ([@bib43]). In South Africa, many patients undergoing antiretroviral therapy also consume traditional herbal medicine ([@bib33]). One of the most consumed herbal medicine by HIV patients in South Africa is COA®-FS (Centre of Awareness) herbal medicine (COA®-FS) ([@bib33]).

COA®-FS herbal medicineis produced by Centre of Awareness (COA), an organization, based in Cape Coast, Ghana. According to the producer, the COA®-FS herbal medicine contains six Africa plants namely; *Azadirachta indica, Persea americana*, *Carica papaya. Spondias mombin*, *Ocimum viride* and *Vernonia amygdalina* (FDA/DRID/HMD/HMU/16/0981, 2016). HIV patients purchase it as immune boosters against HIV/AIDS and as treatments for other diseases (<https://www.coadrugs.org>).

Previous studies have showed that HIV positive patients use herbal medicine concurrently with prescribed protease inhibitor drugs. No or few studies on the effect of the chemical constituents of the herbal medicines on the enzymes and transporters involved in the metabolism of drugs such as PI drugs have been done, therefore there is paucity of evidence or information on the effectiveness and the possibility of serious side effects of phytochemical compounds from herbal medicine on prescribed protease inhibitor drugs. This has motivated this study to examine the pharmacokinetic effect of numerous phytochemical compounds from COA®-FS herbal medicineon the activities of major enzymes and transporters involved in the metabolism of FDA-approved protease inhibitor drugs used in South Africa (Atazanavir, Lopinavir, Darunavir, Saquinavir) commonly use in South Africa and to examine their antiviral activities as potent inhibitors of HIV-1 protease enzyme using *in silic*o pharmacodynamics and pharmacokinetic analysis. These phytochemical compounds will then be compared with FDA approved drugs against the HIV-1 protease enzyme to identify the least toxic and most favourable compounds that may act as lead molecules for experimental analysis.

In a previous study in our lab, COA®-FS herbal medicine and its component plants were subjected to Gas Chromatography-Mass Spectrometry <https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gas-chromatography-mass-spectrometry> (GC-MS) to identify the phytochemical compounds present in them ([@bib6]; [@bib34]). A comprehensive literature search on the antiviral activities of phytochemical compounds from COA® and its component plants was as well done. Fifteen of the phytochemical compounds from COA®-FS herbal medicine and its component plants were selected for this study, to examine the transporters and enzymes involved in the metabolisms of the selected phytochemical compounds and metabolism of four FDA-approved PIs (Atazanavir, Lopinavir, Darunavir, Saquinavir), and to evaluate the effects of these phytochemical compounds from COA®-FS herbal medicine and its component plants on the activities of enzymes and transporters involved in drug metabolism of the four PIs. In addition, the antiviral activity of these phytochemical compounds from COA®-FS herbal medicineand its constituent plants were examined using molecular docking and dynamics simulations.

[Table 1](#tbl1){ref-type="table"} showed the fifteen selected phytochemical compounds present in the COA®-herbal medicineand its components plants. Nine of the selected phytochemical compounds (EGA, EPG, LNT, BIT, GA, IST, STG, PTA and NGN) were present in the COA®-FS herbal medicinebut the remaining 6 compounds were reported in literature to be present in different parts of the six plants.Table 1Selected phytochemicals with antiviral activities present COA®-FS herbal medicineand its component plants.Table 1Compounds NamePlant nameExtractsPlant partsLiterature ReferenceCOA-FS herbal medicineGC-MSExtractsReferenceEGA*Spondias mombin, Carica papaya*Hydroethanolic,Leaf([@bib40]) [@bib34]+Ethanolic, Hexane,[@bib6]; [@bib34]CHD*Azadirachta indica, Vernonia amygdalina, Carica papaya*Methanolic, hexane, ethanol, ethylacetate, DichloromethaneLeaf([@bib12]) [@bib6]; [@bib34]+Ethanol, hexane[@bib6]; [@bib34]LNT*Azadirachta indica, Vernonia amygdalina*Chloroform, DichloromethaneLeaf([@bib41]) [@bib6]+Dichloromethane[@bib6]BIT*Carica papaya*HydrothanolicSeed, leaf([@bib20])+Ethanolic[@bib6]GA (methyl salicylate)*Persea Americana*MethanolicPulp, Leaf([@bib18])+Standard[@bib6]IST*Vernonia amygdalina*Chloroform, Dichloromethane, ethanol,Leaf([@bib2]) [@bib6]+Dichloromethane[@bib6]STG*Carica papaya, Persea Americana, Vernonia amygdalina, Azadirachta indica*Petroleum ether, Hydroethanolic, hexane, Dichloromethane, ethylacetate, ethanolLeaf([@bib36]; [@bib29]; [@bib6]; [@bib34])+Hexane, Dichloromethane, ethylacetate[@bib6]; [@bib34]PTA*Carica papaya, Azadirachta indica*Methanolic, Crude oil, hexane, Dichloromethane, ethylacetate, ethanolLeaf([@bib37]; [@bib6]; [@bib4])+Hexane, ethylacetate[@bib6]; [@bib34]NGN*Persea Americana, Carica papaya*Methanolic, EthylacetateLeaf([@bib18]; [@bib34]-Methanolic, EthylacetateK7G*Carica papaya*Ethanolic, aqueousFruit/pulp, dry leaf([@bib22]; [@bib24])-NDEGCG*Persea Americana*HydroMethanolicseed([@bib9])-NDLUT*Vernonia amygdalina, Carica papaya*Ethanolic, methanolicLeaf, Fruit/pulp([@bib19])-NDGER*Spondiasmombin*HydroalcoholicLeaf([@bib30])-NDAPG*Carica papaya*Ethanolic, aqueousFruit/pulpFranke et al., 2004-NDFST*Carica papaya*Ethanolic, aqueousFruit/pulp[@bib24]-ND[^1]

[Fig. 1](#fig1){ref-type="fig"} illustrates the 2-D structures of the selected fifteen phytochemical compounds from COA®-FS herbal medicineand its constituent plants, 2-D structures of the four FDA-approved protease inhibitor drugs and the crystalline structure of HIV protease enzyme indicating the active site amino acid residues of the enzyme. Three letters code were assigned for the phytochemical compounds and the four FDA-approved drugs.Fig. 12D Structures of the fifteen selected phytochemical compounds from COA-Fs herbal medicine and its component plants and 2D structures of the Four FDA approved drugs.Fig. 1

2. Methods {#sec2}
==========

2.1. Prediction of enzymes and transporters targets {#sec2.1}
---------------------------------------------------

SWISSTARGETPRIDICTION and SWISSADME servers were used for the prediction of proteins (enzymes and transporters) involved in the metabolism of the Four FDA approved drugs and the selected phytochemical compounds from COA-Fs herbal medicine and its component plants and their pharmacokinetic effects ([@bib52]). The server predicts the target of small molecules.

2.2. Measurement of pharmacokinetics properties and drug likeliness of the phytochemical compounds {#sec2.2}
--------------------------------------------------------------------------------------------------

SWISSADME server was used for the determination of the physicochemical descriptors and define the pharmacokinetic properties and drug-like nature of each phytochemical compound. The "Brain Or Intestinal Estimated permeation, (BOILED-Egg)" method was utilized as it computes the lipophilicity and polarity of small molecules ([@bib11]).

2.3. HIV-1 enzyme and ligand acquisition and preparation {#sec2.3}
--------------------------------------------------------

The X-ray crystal structures of the HIV-1 Protease enzyme (PDB codes: [3U71](pdb:3U71){#intref0020}) was obtained from the RSCB Protein Data Bank ([@bib8]). The structures of HIV-1 protease was then prepared on the UCSF Chimera software package ([@bib44])where the monomeric protein was converted to a dimeric structure. The four FDA-approved drugs Atazanavir, Darunavir, Lopinavir, and Saquinavir, as well as the fifteen phytochemical compounds, were accessed from PubChem ([@bib21])and the 3-D structures prepared on the Avogadro software package ([@bib14]).

2.4. Molecular docking {#sec2.4}
----------------------

The Molecular docking software utilized in this study was the Autodock Vina Plugin available on Chimera ([@bib44]), with default docking parameters. Prior to docking, Gasteiger charges were added to the compounds and the non-polar hydrogen atoms were merged to carbon atoms. The phytochemical compounds were then docked into the binding pocket of Protease (by defining the grid box with a spacing of 1 Å and size of 24 × 22 × 22 pointing in x, y and z directions). The four FDA-approved drug systems, as well as the four best-docked phytochemical compounds systems, were then subjected to molecular dynamics simulations.

2.5. Molecular dynamic (MD) simulations {#sec2.5}
---------------------------------------

The CPU version of the SANDER engine provided with the AMBER package was used for the MD simulations, and the FF14SB variant of the AMBER force field ([@bib32]) was used to describe the protein.

To generate atomic partial charges for the ligand, ANTECHAMBER was used by utilizing the Restrained Electrostatic Potential (RESP) and the General Amber Force Field (GAFF) procedures. The Leap module of AMBER 14 allowed for the addition of hydrogen atoms, as well as Na^+^ and Cl^-^counter ions for neutralization all systems. The amino acids were renumbered based on the dimeric form of the enzyme, thus numbering residues 1--198. The 8 systems were then suspended implicitly within an orthorhombic box of TIP3P water molecules such that all atoms were within 8Å of any box edge.

An initial minimization of 2000 steps were carried out with an applied restraint potential of 500 kcal/mol for both solutes, were performed for 1000 steps using the steepest descent method followed by 1000 steps of conjugate gradients. An additional full minimization of 1000 steps were further carried out by conjugate gradient algorithm without restraint.

A gradual heating MD simulation from 0K to 300K was executed for 50ps, such that the systems maintained a fixed number of atoms and fixed volume. The solutes within the systems were imposed with a potential harmonic restraint of 10 kcal/mol and collision frequency of 1.0ps. Following heating, an equilibration estimating 500ps of each system was conducted; the operating temperature was kept constant at 300K. Additional features such as several atoms and pressure were also kept constant mimicking an isobaric-isothermal ensemble (NPT). The system\'s pressure was maintained at 1 bar using the Berendsen barostat.

The MD simulations was conducted for 100ns. In each simulation, the SHAKE algorithm was employed to constrict the bonds of hydrogen atoms. The step size of each simulation was 2fs and an SPFP precision model was used. The simulations coincided with the isobaric-isothermal ensemble (NPT), with randomized seeding, the constant pressure of 1 bar maintained by the Berendsen barostat, a pressure-coupling constant of 2ps, a temperature of 300K and Langevin thermostat with collision frequency of 1.0ps.

2.6. Post-dynamic analysis {#sec2.6}
--------------------------

The coordinates of the 8 systems were then saved and the trajectories were analyzed every 1ps using PTRAJ, followed by analysis of RMSD, RMSF and Radius of Gyration using the CPPTRAJ module employed in AMBER 14 suit.

2.7. Binding free energy calculations {#sec2.7}
-------------------------------------

To estimate and compare the binding affinity of the systems, the free binding energy was calculated using the Molecular Mechanics/GB Surface Area method (MM/GBSA) ([@bib45]). Binding free energy was averaged over 100000 snapshots extracted from the 100ns trajectory. The free binding energy (ΔG) computed by this method for each molecular species (complex, ligand, and receptor) can be represented as ([@bib16]):$$\Delta\text{G}_{\text{bind}} = \text{G}_{\text{complex}} - \text{G}_{\text{receptor}} - \text{G}_{\text{ligand}}$$$$\Delta\text{G}_{\text{bind}} = \text{E}_{\text{gas}} + \text{G}_{\text{sol}} - \text{TS}$$$$\text{E}_{\text{gas}} = \text{E}_{\text{int}} + \text{E}_{\text{vdw}} + \text{E}_{\text{ele}}$$$$\text{G}_{\text{sol}} = \text{G}_{\text{GB}} + \text{G}_{\text{SA}}$$$$\text{G}_{\text{SA}} = \operatorname{\gamma SASA}$$

The term E~gas~ denotes the gas-phase energy, which consists of the internal energy E~int~; Coulomb energy E~ele~ and the van der Waals energies E~vdw~. The E~gas~ was directly estimated from the FF14SB force field terms. Solvation free energy, G~sol~, was estimated from the energy contribution from the polar states, G~GB,~ and non-polar states, G. The non-polar solvation energy, SA. G~SA~, was determined from the solvent accessible surface area (SASA), using a water probe radius of 1.4 Å, whereas the polar solvation, G~GB~, contribution was estimated by solving the GB equation. S and T denote the total entropy of the solute and temperature respectively.

2.8. Data analysis {#sec2.8}
------------------

All raw data plots were generated using the Origin data analysis software ([@bib39]).

3. Results {#sec3}
==========

3.1. Assessing the predicted targets for the drugs and phytochemicals {#sec3.1}
---------------------------------------------------------------------

Using two different methods, the SWISSPREDICTION and SWISSADME servers the enzymes and transporters involved in the metabolism of the four FDA-approved drugs and the fifteen selected phytochemical compounds were predicted. The SWISSPREDICTION server predicted all possible enzymes and transporters that are likely to be targets of the phytochemical compounds. On the other hand, the SWISSADME predicted the possibility of the phytochemicals compounds having pharmacokinetic effect on some cytochrome P450 enzymes (CYP450) such as CYP1A2, CYP2C19, CYP2C9, CYP2D9, CYP2D6 and CYP3A4 and their possibility to be substrates (inducers) of Permeability glycoprotein (P-gp). Although, the probability of DRV and SQV binding to Renin as a target was predicted to be low, Renin is the only enzyme predicted by the SWISSPREDICTION server to be target for the four conventional drugs. CYP3A4 with higher probability and cathepsin D (lower probability) were predicted to be targets for DRV, ATV and LPV. Apart from CYP3A4 and P-gp, CYP2C19 was predicted only for LPV. For the selected phytochemical compounds, CYP3A4 was predicted to be target for GER, APG, FST, GA, LUT, and NGN. IST and NGN were only predicted substrates of P-gp. CYPY1A2, CYP2D6, CYP2C9 and CYP2C19 are other sub families of cytochrome P450 enzymes predicted by the SWISSADME server to be targets for EGA, LUT, GER, FST, APG, CHD, NGN, STG, and IST. P-gp and CYP3A4 are the common enzyme and transporter predicted for the four drugs and some of the phytochemical compounds (see Tables [2](#tbl2){ref-type="table"} and [3](#tbl3){ref-type="table"}).Table 2Predicted targets involved in the metabolism of the four FDA-approved PI drugs and selected phytochemical compounds from COA®-Fs herbal medicine.Table 2Compound NameSWISSPREDICTIONSWISSADMEEnzymesTransportersEnzymesTransportersATVRenin, Cathepsin D, Pepsin A-5, Cathepsin E, Napsin-A, CYP3A4, GastricsinNPCYP3A4P-glycoproteinSQVThromboxane-A synthase, Renin, CYP3A4D (2), D (4) dopamine receptors, Substance-K receptor, Substance-P receptor, Neuromedin-K receptor, Oxytocin receptor, Mu-type opioid receptorCYP3A4P-glycoproteinLPVRenin, Cathepsin D, Napsin-A, Beta-secretase 1, Beta-secretase 2, GastricsinPotassium voltage-gated (ion channel),CYP3A4, CYP2C19P-glycoproteinDRVCYPP3A4, Thromboxane-A synthase, CYPP3A5, CYP3A7, CYP3A43, Renin, Cathepsin DC-C chemokine receptor type 1--8, CX3C chemokine receptor 1,CYP3A4P-glycoproteinEGCGPEX, 67 kDa matrix metalloproteinase-9, 14, 15, Beta-secretase 1, 2, Tyrosyl-DNA phosphodiesterase 1, 6-phosphogluconate dehydrogenase, decarboxylating, Telomerase reverse transcriptase, Dihydrofolate reductase, Dihydrofolate reductasePotassium voltage-gated channel subfamily H member 2NPNPK7GTyrosyl-DNA phosphodiesterase 1, Xanthine dehydrogenase/oxidase, Aldehyde oxidase, Aldo-keto reductase family 1, Aldose reductase, Lysine-specific demethylase 4A, Lysine-specific demethylase 4A, 4B, 4CAdenosine receptor A1, Alpha-2A, 2C, 2B, Muscle blind-like protein 1NPNPEGACytidine deaminase, Thymidine kinase, Adenosine deaminase, Thymidine phosphorylase, Histone deacetylase 1--3, Adenosyl homocysteinase, Putative adenosyl homocysteinase 2, Carbonic anhydrase 1, 2, 3, 12NPCYP1A2NPLUT22 kDa interstitial collagenase, CYP1A2, PEX, Stromelysin-1, 67 kDa matrix metalloproteinase-9, Aldose reductaseNPCYP1A2, CYP2D6, CYP3A4NPGERSqualene monooxygenase, Tyrosyl-DNA phosphodiesterase 1, Muscle blind-like protein 1, Muscle blind-like protein 2 and 3, DNA topoisomerase 1, Tyrosine-protein phosphatase non-receptor type 2Multidrug resistance protein 1 (P-glycoprotein)CYP3A4, CYP2C9NPCHDAndrogen receptor, CYPP19A1, Estrogen receptor, Estrogen receptor beta, Oxysterols receptor LXR-beta, Oxysterols receptor LXR-alpha, Tyrosyl-DNA phosphodiesterase 1, Tyrosine-protein phosphatase non-receptor type 1 and 2, M-phase inducer phosphatase 1, Lanosterol 14-alpha demethylase, 3-oxo-5-alpha-steroid 4-dehydrogenase 2Sodium-dependent noradrenaline transporterCYP2C9NPAPGAldo-keto reductase family 1, CYP1A2, Cyclin-dependent kinase 1, Microtubule-associated protein tau, CYP19A1, Cyclin-dependent kinase 4, Estradiol 17-beta-dehydrogenase 1, Aldose reductase, Casein kinase II subunit alphaEstrogen receptor, Adenosine receptor A2aCYP1A2, CYP2D6, CYP3A4NPFSTCyclin-dependent kinase 1, Arachidonate 5-lipoxygenase, Microtubule-associated protein tau, Cyclin-dependent kinase 4, Arachidonate 15-lipoxygenase, Xanthine dehydrogenase/oxidaseNPCYP1A2, CYP2D6, CYP3A4NPNGNCYPP450 1A2, CYPP450 19A1, Estradiol 17-beta-dehydrogenase 1, Carbonyl reductase \[NADPH\] 1, Cytochrome P450 1B1, Tyrosyl-DNA phosphodiesterase 1, CYP1A1, Retinol dehydrogenase 8, Carbonyl reductase \[NADPH\] 3, Adenosine receptor A1Multidrug resistance-associated protein 1 (P-glycoprotein), Estrogen receptorCYP1A2 CYP3A4P-glycoproteinBITTyrosyl-DNA phosphodiesterase 1, Microtubule-associated protein tau, Carbonic anhydrase 1--9, Indoleamine 2,3-dioxygenase 1 and 2, Quinone oxidoreductase, Carbonic anhydrase 5B (mitochondrial), Indoleamine 2, 3-dioxygenase 1Transient receptor potential cation channel subfamily A member 1, Sodium-dependent serotonin transporterNPNPGACarbonic anhydrase 12, Carbonic anhydrase 1--9, Tyrosyl-DNA phosphodiesterase 1, Carbonic anhydrase 5B and 5A, FAD-linked sulfhydryl oxidase ALRNPCYP3A4NPSTGAndrogen receptor, Tyrosyl-DNA phosphodiesterase 1, CYP19A1, 3-hydroxy-3-methylglutaryl-coenzyme A reductase, Lanosterol 14-alpha demethylase, Oxysterols receptor LXR-beta, Oxysterols receptor LXR-alphaLow-density lipoprotein receptor, Very low-density lipoprotein receptor, Estrogen receptor, Estrogen receptor beta, Sodium-dependent noradrenaline transporterCYP2C9NPISTAldo-keto reductase family 1 member B10, Aldose reductase, Corticosteroid 11-beta-dehydrogenase isozyme 1, Hydroxysteroid 11-beta-dehydrogenase 1-like protein, M-phase inducer phosphatase 1, M-phase inducer phosphatase 2, Alcohol dehydrogenase \[NADP (+)\], 1,5-anhydro-D-fructose reductase, UDP-glucuronosyltransferaseNPCYP2C9P-glycoproteinLNT3-hydroxy-3-methylglutaryl-coenzyme A reductase, Lanosterol 14-alpha demethylase, Cytochrome P450 19A1, Tyrosyl-DNA phosphodiesterase 1Androgen receptor, Oxysterols receptor LXR-beta, Sodium-dependent noradrenaline transporter, Sodium-dependent serotonin transporter, Sodium-dependent dopamine transporter, Estrogen receptor, Sodium- and chloride-dependent neutral and basic amino acid transporter B (0+)NPNPPTATyrosyl-DNA phosphodiesterase 1, Dual specificity tyrosine-phosphorylation-regulated kinase 1A, Microtubule-associated protein tau, Carbonic anhydrase 1, 2, 3, 4, 5A, 5B, 6, 7, 9, 13, Carbonic anhydrase 12,Gamma-secretase C-terminal fragment 59NPNP[^2]Table 3Pharmacokinetic effects of phytochemical compounds from COA®-FS herbal medicine on the enzymes and transporter involved in the metabolism of the four FDA-approved PIs.Table 3Compound NameEnzymesTransporterCYP3A4 InhibitorCYP2C19 InhibitorP-gp Substrate/inducers***FDA-Approved Drugs***DRVYesNoYesLPVYesYesYesATVYesNoYesSQVYesNoYes***COA***®***-FS Phytochemical compounds***ISTNoNoYesEGANoNoNoK7GNoNoNoEGCGNoNoNoNGNYesNoYesGERYesNoNoLNTNoNoNoFSTYesNoNoLUTYesNoNoAPGYesNoNoPTAYesNoNoSTGNoNoNoCHDNoNoNoBITNoNoNoGAYesNoNo

3.2. Pharmacokinetic effects of the phytochemical compounds on the predicted targets involved in the metabolism of the four PI drugs {#sec3.2}
------------------------------------------------------------------------------------------------------------------------------------

The SWISSADME server was employed to predict the pharmacokinetic effects of the selected phytochemical compounds from COA®-FS herbal medicine on the Cytochrome P450 enzymes and P-glycoprotein transporter involved in the metabolism of the four FDA-approved drugs. The result revealed that the PI drugs showed inhibitory activities on CYP3A4. LPV was also predicted to inhibit CYP2C19. The four drugs were predicted inducers of P-gp, as only IST and NGN were predicted inducers of P-gp. Seven of the phytochemical compounds were predicted to possess inhibitory activity on CYP3A4 and none of the phytochemical compound was predicted to inhibit CYP2C19. The inhibition of CYP3A4 and P-gp by the phytochemical compound could decrease the elimination and pumping out of the four PI drugs from the systemic circulation and the cells respectively.

3.3. Assessing the drug-likeness of phytochemical compounds from COA®-FS herbal medicine {#sec3.3}
----------------------------------------------------------------------------------------

As shown in [Table 4](#tbl4){ref-type="table"}, three of the FDA-approved drugs (ATV, SQV and LPV) with three of the selected phytochemical compounds from COA®-FS herbal medicine (CHD, STG and NGN) are poorly soluble in water. This may lower the bio availabilities of the three PI drugs and the three phytochemical compounds. The result also showed the drug likeness of the four FDA-approved drugs and the fifteen selected phytochemical compounds from COA®-FS herbal medicine, two of the four conventional drugs pass the drug likeness test (DRV and LPV) and Nine of the phytochemical compounds (K7G, EGA, LUT, APG, FST, BIT, GA, IST and NGN) pass the test. These showed that the nine phytochemical compounds have good drug properties as the two conventional drugs.Table 4Predicted ADME parameters, drug-likeness, pharmacokinetic and physicochemical properties of phytochemical compounds from COA®-FS herbal medicine and four FDA-approved drugsusing SWISSADME server.Table 4Compound\
NameMolecular FormulaMolecular Weight (g/mol)*Lipophilicity (iLOGP)*Water SolubilityGIT AbsorptionBBB PermeabilityBioavailability\
ScoreSynthetic Accessibility*Drug likeness (Lipinski)*ATVC~38~H~52~N~6~O~7~704.8693.56PoorLowNo0.176.24No (2)SQVC~38~H~50~N~6~O~5~670.8553.66PoorLowNo0.175.94No (2)LPVC~74~H~96~N~10~O~10~S~2~1349.7623.44PoorHighNo0.555.67YesDRVC~27~H~37~N~3~O~7~S547.6673.20ModerateLowNo0.555.67YesEGCGC~22~H~18~O~11~458.371.83HighLowNo0.174.20No (2)K7GC~21~H~20~O~11~448.381.55HighLowNo0.175.24No (2)EGAC~14~H~6~O~8~302.190.79HighHighNo0.553.17YesLUTC~15~H~10~O~6~286.241.86HighHighNo0.553.02YesGERC~30~H~24~O~10~544.512.14ModerateLowNo0.175.73No (2)CHDC~27~H~44~0384.644.81PoorLowNo0.556.29No (3)APGC~15~H~10~O~5~270.241.89ModerateHighNo0.552.96YesFSTC~15~H~10~O~6~286.241.50HighHighNo0.553.16YesLNTC~30~H~50~O426.725.09PoorLowNo0.556.07No (3)BITC~8~H~7~NS149.212.19HighHighYes0.551.59YesGAC~7~H~6~O~5~170.120.21HighHighNo0.561.22YesISTC~20~H~30~O~3~318.452.27ModerateHighYes0.564.83YesSTGC~29~H~48~0412.694.96PoorLowNo0.556.21No (3)NGNC~15~H~12~O~5~27.2.251.75SolubleHighNo0.553.01YesPTAC~8~H~6~O~4~166.130.60SolubleHighNo0.561.00No (2)

3.4. Binding affinity of the phytochemical compounds from COA®-FS herbal medicine to HIVpro {#sec3.4}
-------------------------------------------------------------------------------------------

Fifteen phytochemicals from COA®-FS herbal medicine, its component plants and four FDA-approved protease inhibitor drugs (PIs) were docked with HIV*pro* to estimate the affinity of the drugs to the enzyme in comparison to the four known PIs ([Table 5](#tbl5){ref-type="table"}). The docking score showed the fitness of the ligands into the active site pocket of the enzyme and the more negative the value the better the fitness of the ligand. In term of the docking score, all the PIs are better than the phytochemical compounds except EGA and K7G which are better than LPV. The docking scores for the four FDA-approved PIs range from -8.1 to -9.2 kcal/mol, while Ellagic acid and Kaempferol-7-O-glucoside showed the highest docking scores among the fifteen phytochemical compounds and the scores fall within the range of the docking score for the four FDA approved PI drugs. The binding conformation of the fifteen phytochemical compounds (ligands) and the four FDA-approved drugs were taken for further molecular dynamics and binding energy calculations.Table 5Docking scores for the four FDA-approved PI drugs and phytochemical compounds from COA®-FS herbal medicine.Table 5Compounds NameDocking score (kcal/mol)***FDA Approved Drugs***SQV-9.8DRV-9.2ATV-8.7LPV-8.1***COA-FS Phytochemical compounds***EGA-8.3K7G-8.1EGCG-7.5STG-7.5GER-7.5NGN-7.5CHD-7.4LNT-7.4FST-7.3LUT-7.3APG-7.2IST-7.1PTA-4.8BIT-4.6GA-4.5

3.5. Thermodynamic binding free energy of phytochemical compounds from COA®-FS herbal medicine to HIVpro {#sec3.5}
--------------------------------------------------------------------------------------------------------

As molecular docking only measures the geometric fit of ligands at the active site of a protein, molecular dynamics simulations were run for 100ns to assess the binding free energy of each system. The more negative the values, the better the binding free energy between the enzyme (*HIVpro*) and the ligands. The binding free energy of the four FDA-approved drugs and the fifteen phytochemical compounds were determined using the MMGBSA method to estimate the interaction strength between the FDA-approved inhibitors in comparison to the COA®-FS herbal medicine phytochemical compounds ([Table 6](#tbl6){ref-type="table"}). ATV showed the highest binding energy than the remaining three conventional PIs and the fifteen selected phytochemical compounds. However, EGCG had better energy than three conventional PIs (DRV, LPV and SQV). In addition, K7G is better than LPV and DRV.Table 6Thermodynamic binding free energy for Phytochemical compounds from COA®-FS herbal medicineand FDA-approved drugs to *HIVpro*.Table 6Energy Components (kcal/mol)ComplexΔ E~vdW~ΔE~elec~ΔG~gas~ΔG~solv~ΔG~bind~**FDA-Approved Drugs**SQV-59.300 ± 5.1406.139 ± 4.847-53.161 ± 19.400-0.514 ± 1.35-53.979 ± 4.874DRV-43.805 ± 6.108-25.424 ± 8.120-69.223 ± 10.87129.235 ± 4.206-35.311 ± 4.943ATV-65.905 ± 4.965-28.758 ± 5.760-94.664 ± 8.31437.824 ± 4.796-56.839 ± 5.292LPV-51.973 ± 5.433-27.534 ± 6.605-79.507 ± 7.95838.291 ± 3.540-44.571 ± 3.952**COA**®**-FS herbal medicine Phytochemical compounds**EGCG-36.589 ± 4.054-76.679 ± 10.634-113.26 ± 10.26561.364 ± 3.586-55.954 ± 2.705K7G-45.850 ± 4.123-44.778 ± 9.576-90.628 ± 8.50348.269 ± 5.467-45.740 ± 4.288EGA-25.883 ± 3.400-57.201 ± 6.132-83.084 ± 5.44646.585 ± 3.653-38.500 ± 2.101LUT-26.604 ± 3.702-48.553 ± 7.929-75.157 ± 6.89541.611 ± 4.879-37.487 ± 1.223GER-46.385 ± 4.820-17.375 ± 5.847-63.759 ± 7.84229.458 ± 4.423-35.532 ± 2.510LNT-34.047 ± 5.941-11.624 ± 2.458-45.669 ± 6.29318.170 ± 3.523-27.486 ± 3.599APG-31.671 ± 8.375-16.449 ± 2.766-48.112 ± 11.22322.104 ± 4.239-26.017 ± 2.966NGN-21.952 ± 3.673-36.188 ± 8.717-58.140 ± 9.01835.379 ± 5.518-22.761 ± 4.494STG-20.604 ± 4.02320.222 ± 4.907-0.373 ± 1.485-19.216 ± 4.776-19.584 ± 5.041BIT-18.433 ± 3.600-264.05 ± 22.483-225.00 ± 14.578206.99 ± 17.374-18.014 ± 3.083GA-18.545 ± 6.221-252.39 ± 13.425-213.60 ± 20.032195.98 ± 19.394-17.622 ± 2.094IST-18.825 ± 3.748-254.24 ± 4.827-215.62 ± 12.739198.31 ± 9.202-17.315 ± 2.650CHD-18.52 ± 3.777-245.58 ± 10.393-206.69 ± 11.342189.51 ± 9.342-17.184 ± 2.417FST-17.65 ± 4.034-254.16 ± 14.288-213.67 ± 8.384198.16 ± 7.323-15.516 ± 3.993PTA-21.145 ± 2.327-17.168 ± 3.602-38.312 ± 3.94223.679 ± 2.555-14.633 ± 2.248

3.6. Structural analysis of the most optimal Phytochemical-HIVpro complexes {#sec3.6}
---------------------------------------------------------------------------

To further establish the mechanistic inhibitory characteristics of these four selected phytochemical compounds (EGCG, K7G, EGA and LUT) with antiviral activity against *HIVpro.* Root mean square deviation (RMSD), Root mean square fluctuation (RMSF), Radius of gyration (RoG) and ligand interaction plots were assessed.

[Fig. 2](#fig2){ref-type="fig"} depicts the RMSD plot for the four phytochemical compounds and the four FDA-approved drugs. RMSD measures protein stability as the simulation progresses. The RMSD plots of K7G,EGA and EGCG with average values of 1.432Å, 1.442Å and 1.465Å respectively are similar to the RMSD of ATV (1.511 Å), DRV (1.451Å), SQV (1.402Å), apo-enzyme, 1.342Å (protease enzyme without ligand). RMSD of EGCG seems to slightly close to the RMSD of LPV (1.9189Å). The RMSD of K7G (1.351Å) showed the same similarity with RMSD of SQV (1.345 Å). The RMSD of the four compounds deviates from the RMSD of LPV with the highest average value of 2.187Å. The first 40ns of simulation of LPV showed the instability of the enzyme, but from 40 to 100ns of simulation the enzyme was stable.Fig. 2RMSD profile of protein backbone atoms of PRO, ATV, DRV and SQV with (a) EGCG (b) K7G (c) EGA and (d) LUT calculated over the course of 100 ns molecular dynamics of HIVpro bound to the four different ligands and FDA-approved PI drugs.Fig. 2

Figs. [3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"} showed the Radius of Gyration (RoG) and Root mean square fluctuations values over the course of 100ns of simulations of the HIV-1 protease enzymes bound to different ligands. RoG is a measure of the compactness of the protein structure. The RoG values of each of the compound were compared to the RoG of the four FDA approved drugs ([Fig. 3](#fig3){ref-type="fig"}). RoG of EGCG (17.544 Å), LUT (17.431Å), EGA (17.354Å) and K7G (17.455 Å) shows similarity with the RoG of LPV (17.411 Å), ATV (17.327 Å) and SQV (17.423 Å) but deviated from the RoG of DRV (18.345 Å). None of the four compounds showed the same trend and values with RoG of DRV (18.345 Å).Fig. 3RoG profile of protein backbone atoms of PRO, ATV, DRV and SQV with (a) K7G (b) LUT (c) EGCG and (d) EGA calculated over the course of 100 ns molecular dynamics of HIVpro bound to different ligands and drugs.Fig. 3Fig. 4RMSF profile of protein backbone atoms of PRO, ATV, DRV and SQV with (a) K7G (b) LUT (c) EGA and (d) EGCG calculated over the course of 100 ns molecular dynamics of *HIVpro* bound to four different ligands and FDA-approved drugs.Fig. 4

RMSF values monitor the fluctuation of each amino residue as they interact with the ligand throughout a trajectory. The RMSF values of each of the four phytochemical compounds were compared to the RMSF of the four FDA-approved drugs ([Fig. 4](#fig4){ref-type="fig"}).

[Fig. 5](#fig5){ref-type="fig"} illustrates the ligand-interaction plots of the above-mentioned systems following the 100 ns trajectory. The type and number of interactions between proteins and ligands are the major determinants of the overall binding free energy.Fig. 5Representation of ligand-HIV*pro* interactions with different amino acid residues.Fig. 5

4. Discussion {#sec4}
=============

4.1. Assessing the predicted targets for the drugs and phytochemical compounds {#sec4.1}
------------------------------------------------------------------------------

The result of this study showed the predicted targets for the four conventional drugs and the phytochemical compounds from COA®-FS herbal medicine. Cytochrome P450 3A4 and CYP2C19, two sub families of cytochrome P450 enzymes were predicted to be involved in the metabolism of the four FDA-approved drugs. CYP3A4 was the predicted common target for the four conventional drugs, but LPV was additionally predicted to be inhibitor of CYP2C19. This prediction is in agreement with the report of Brian et al. and Vaishali et al. that reported CYP3A4 is the major form of cytochrome P450 enzymes involved in the metabolism of HIV protease inhibitor drugs ([@bib55]; [@bib56]). All the four FDA-approved drugs were as well predicted to be substrates of Permeability glycoprotein (P-gp), this validate the report of Griffin et al. that reported that P-gp was actively involved in the metabolism of PI drugs ([@bib53]). A different sub type of cytochrome P450 were predicted targets for the phytochemical compounds. Cytochrome P450 1A2 (CYP 450 1A2) was predicted for EGA, FST, NGN, LUT and APG, while CYP 450 2D6 was predicted target for FST, APG and LUT. CYP3A4 and multi-drug resistant protein (P-gp) are the commonly predicted targets for the FDA-approved drug and the phytochemicals.

4.2. Pharmacokinetic effects of the phytochemical compounds on the predicted targets involved in the metabolism of the four PI drugs {#sec4.2}
------------------------------------------------------------------------------------------------------------------------------------

The SWISSTARGETPREDICTION and SWISSADME servers predicted many enzymes and transporters as targets for the four drugs based on structures of the drugs and physiological conditions. The SWISSADME server prediction for the four drugs validated studies that reported CYP3A4 and P-gp are the major enzyme and transporter involved in the metabolism of the PI drugs ([@bib49]; [@bib46], [@bib47]). Several studies have also shown that both CYP3A4 and P-gp have a wide and overlapping substrate specificity ([@bib51], [@bib50]), as this explained why the four PI drugs are both inhibitors and inducers of CYP3A4 and P-gp respectively. The pharmacokinetic effect of the phytochemicals on CYP3A and P-gp revealed that NGN, GER, FST, LUT, APG, PTA and GA are inhibitors of CYP 3A4. Inhibition of CYP3A4 has been reported to decrease the rate of elimination of drugs from the systemic circulation thereby increasing bioavailability of drugs ([@bib48]). The phytochemical compounds from COA®-FS herbal medicine predicted to be inhibitors of CYP3A4, when used concurrently with PI drugs could increase the bioavailability of the four FDA-approved PI drugs and enhance them to maximally exert their pharmacological effects. NGN and IST were predicted inducers of P-gp and could increase the rate of elimination of the four drugs thereby lowering PI drugs bioavailability ([@bib54]). Other phytochemical compounds from COA®-FS herbal medicine were predicted to be non-inducers of P-gp and could inhibit the activity of P-gp to increase PI drugs bioavailability.

The result of this study revealed phytochemical compounds fromCOA®-FS herbal medicine and its constituent plants are predicted inhibitors of CYP3A and P-gp, and they could increase the bioavailability of PI drugs in the plasma drug, resulting to the drug being slowly eliminated from the systemic circulation and exerting their therapeutic antiviral effects.

4.3. Assessing the drug-likeness of phytochemical compounds from COA®-FS herbal medicine {#sec4.3}
----------------------------------------------------------------------------------------

One of the important rules in drug design is Lipinski\'s rule, it is a set of five rules use to assess the drug-likeness of a compound with pharmacological or biological activities with the aim of examining if it possess both physical and chemical properties to act as an orally active drug in humans ([@bib26]; [@bib27]). The rule centred on the number of hydrogen bond donors in the compound (not more than 5), a few hydrogen bond acceptor (not more than 10), molecular mass less than 500 daltons and partition coefficient (log*P*) not greater than 5. The result showed two of the conventional drugs (LPV and DRV) and eight of the phytochemical compounds from COA®-FS herbal medicine (EGA, LUT, APG, FST, BIT, GA, IST and NGN) were predicted to pass the rules. This indicate that the eight phytochemical compounds from COA®-FS herbal medicine possess the same chemical and physical properties with two of the FDA-approved drugs (LPV and DRV). ATV and DRV, the conventional drugs together with seven of the compounds failed a maximum of three out of the rules.

Gastrointestinal (GIT) absorption is significant for the maintenance of optimal drug levels in the systemic circulation. For drugs or potential compounds to reach their target, they must be absorbed from the GIT and enter the systemic circulation in enough amount or quantities ([@bib23]). Highly absorbed drugs from the GIT will easily attain optimal concentration and exert a pharmacological effect at its target site. LPV is the only drug out of the four conventional drugs that has high GIT absorption, while the remaining drugs\' absorptions in GIT are low. Nine out of the fifteen phytochemical compounds from COA®-FS herbal medicine were predicted to be highly absorbed from the GIT (EGA, LUT, APG, FST, BIT, GA, IST, NGN, and PTA) and could eventually attain the required concentration needed for therapeutic effects.

The blood-brain barrier (BBB) is a protection developed by the endothelial cells that line cerebral microvessels ([@bib1]; [@bib5]) and drugs or compounds that are not soluble in lipid with molecular weight greater than 400 Dalton cannot go across the BBB but smaller and lipophilic molecules can go across the BBB ([@bib5]). Therefore, BBB permeability parameter is always considered in the development of a drug for neuro-degenerated and related diseases. None of the four FDA-approved conventional drugs was predicted to permeate the BBB and only two of the phytochemical compounds from COA®-FS herbal medicine (BIT and IST) were predicted to go across the BBB.

Drug bioavailability is a measurement of the degree of absorption and fraction of a given amount of unchanged drug that goes to the systemic circulation ([@bib17]). Orally and intravenously administered drug have different bioavailability as a result of some factors like first pass-drug metabolism. It is a significant pharmacokinetic property of the drug that must be carefully thought of when calculating drug dosages. Higher bioavailability score is required for a drug to reach a higher and optimal concentration in the systemic circulation and to exert notable pharmacological response. When compared with the four conventional drugs, ATV and SQV have low and the same bioavailability scores of 0.17 with EGCG, GER and K7G. Slightly higher bioavailability scores of 0.55 were predicted for LPV and DRV, and the other phytochemical compounds from COA®-FS herbal medicine.

4.4. Thermodynamic binding free energy of phytochemical compounds to HIVpro {#sec4.4}
---------------------------------------------------------------------------

The binding free energy calculated for the four conventional drugs ranges from -35.311 ± 4.943 to -56.056 ± 4.978 kcal/mol, with Atazanavir (ATV) and Darunavir having the highest and the lowest values respectively. Epigallocatechin gallate (EGCG), Kaempferol-7-O-glucoside (K7G), Ellagic acid (EGA) and Luteolin (LUT)indicated the most optimal binding when compared to the FDA approved drugs. It was also interesting to note that although compounds FST, APG and NGN demonstrated relatively high docking scores, binding free energy calculations for these systems indicated dissimilar results. This validates the need for molecular dynamics simulations, which may allow for a compound to become "comfortable" within an enzyme\'s binding site. To further establish the mechanistic inhibitory characteristics of the best four phytochemical compounds (EGCG, K7G, EGA and LUT) with higher free binding energy, RMSD, RoG, RMSF, and ligand interaction plots were assessed.

4.5. Structural analysis of the most optimal phytochemical compound-HIVpro complexes {#sec4.5}
------------------------------------------------------------------------------------

The structural stability of a protein complex was measured following experimental simulation of the phytochemical compounds together with the protein. Root mean square deviation (RMSD) and root mean square fluctuation (RMSF) were studied in several molecular dynamics studies to study conformational stability of ligands and proteins ([@bib3]; [@bib28]; [@bib31]; [@bib35]). The deviation produced by a protein during stimulation is a factor determining its stability, and the lower the deviation produced the more stable the protein. Therefore, RMSD, which measures protein stability as the simulation progresses, can be used to determine protein stability. In this study, RMSD values for the C-alpha atoms of the structures were determined. The RMSD values of the HIV*pro*-ligands (four FDA approved drugs and four compounds with highest binding energies) complexes are shown in [Fig. 2](#fig2){ref-type="fig"}.

The RMSD of each phytochemical compound was compared to the RMSD values of the four FDA approved drugs. The RMSD plots of three phytochemical compounds (EGCG, EGA and K7G) are like the RMSD values of the of the FDA-approved drugs (ATV, SQV and DRV) and apo-enzyme. This indicates the same enzyme stability was seen between the three phytochemical compounds and three of the FDA-approved drugs and the apo-enzyme (positive control). The RMSD value of the LUT (1.843Å) is slightly similar to that of LPV (2.187).

The values of the radius of gyration (RoG) were also plotted for each system. RoG is a measure of the compactness of the protein structure. The RoG values of each of the phytochemical compounds from COA®-FS herbal medicine were compared to the RoG of the four FDA approved drugs and the apo-enzyme ([Fig. 3](#fig3){ref-type="fig"}). The four phytochemical compounds shows similarity with the RoG of three of the FDA-approved protease inhibitor drugs (LPV, SQV and ATV) and the apo-enzyme but deviated from the RoG of value of DRV (18.345 Å). Like the RMSD values, none of the four phytochemical compounds from COA®-FS herbal medicine showed the same trend and values with RoG of DRV (18.345 Å).

The RMSF values monitor the fluctuation of each amino residue as they interact with the ligand throughout the trajectory. The RMSF values of each of the compound were compared to the RMSF of the four FDA approved drugs ([Fig. 4](#fig4){ref-type="fig"}). Based on the RMSF results, it was evident that the DRV (1.694) and LPV (1.380)systems demonstrated highest fluctuations, particularly at residues 50, 80, 115--120 and 130--155. The K7G (1.130) system showed the greatest similarity to the four FDA-approved drugs, with fluctuations occurring with similar residues. With this being said, fluctuations at 45--55 and 145--155 are mirror residues in dimeric form. This substantiates the necessity of the dimeric activity of the HIV-protease ([@bib15]).

4.6. Ligand-HIVpro interactions with different amino acid residues {#sec4.6}
------------------------------------------------------------------

As mentioned above, ATV at the HIV*pro* binding led to the highest free binding energy of the 19 systems. These results may be attributed to the greater number of hydrogen bond interactions produced between the drug and HIV*pro* amino acid residues (ASP128, GLY126, ASP124, THR179, ALA127, PRO180, GLY49, GLY27, ASP25, and ILE47). The hydrogen bond interactions for SQV, LPV, and DRV are 4, 5 and 4 respectively. A Salt-bridge interaction at amino residue ASP25, together with numerous van der Waals, alkyl, and Pi-alkyl interactions contributed to the SQV-system gaining second highest binding energy. With 20 van der Waals interactions and 5 hydrogen bond interactions, LPV showed higher binding energy than DRV. Of the phytochemical compounds, EGCG demonstrated the highest binding energy. This may have been the result of salt-bridge interaction at ARG107, 6 hydrogen bond interactions, 13 van der Waals and 3 Pi-alkyl interactions. It was interesting to note that the "two-component" salt-bridges, made up of a hydrogen bond and electrostatic interaction, were only recorded within the EGCG and SQV systems. This could have led to the overall binding energy of EGCG higher than K7G, despite K7G having a higher overall number of interactions. EGA and LUT possess 3 and 4 hydrogen bond, 6 and 8 van der Waals, and 2 each of Pi-alkyl interactions respectively.

5. Conclusion {#sec5}
=============

The predictive analysis predicted several enzymes and transporters as targets for the four FDA-approved drugs and the phytochemical compounds but CYP3A4 enzyme and P-gp transporters are majorly involved in the metabolism of PI drugs. The analysis also predicted both inhibitors and inducers of CYP3A4 and P-gp among the phytochemical compounds from COA®-FS herbal medicine and its component plants. The phytochemical compounds predicted to be inhibitors of CYP3A4 and P-gp could increase the bioavailability of the four FDA-approved drugs in the systemic circulation thereby enhancing the four drugs to exert maximum pharmacological effects. The Fifteen selected phytochemical compounds from COA-FS herbal medicine and its component plants were subjected to docking studies with HIV*pro* to recognize the best natural potential inhibitors as compared to the four FDA-approved HIV*pro* inhibitor drugs in term of binding free energy/affinity. Of all the docked selected phytochemical compounds, EGCG, K7G, EGA, NGN, STG, GER, and LUT gave the best binding score when compared to the four conventional drugs. Molecular dynamics and MMGBSA analysis were done on all the fifteen compounds and the drugs. The results of the MD simulations and MMGBSA showed that only EGCG, K7G, EGA and LUT fit well into the HIV*pro* active site pocket with better binding free energy. The study implied that the ligands interacted hydrophobically with the active amino residues. This study also identified some of the key residues that are helpful in dual inhibitor design. The EGCG and k7G compounds proved to be more potent inhibitors of *HIVpro.* Therefore, this study showed that some of the phytochemical compounds could be utilised to enhance therapeutic effect of the four FDA-approved drugs and, could as well serve as natural inhibitors of HIV*pro* and be used as important standard in developing novel drugs to inhibit the activity of HIV*pro.*
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[^1]: Key: + means present, - means not present, ND means not detected.

[^2]: KEY: NP means Non predicted.
